We report high resolution observations of the 12 CO(1 → 0) and 13 CO(1 → 0) molecular lines in the Carina Nebula and the Gum 31 region obtained with the 22-m Mopra telescope as part of the The Mopra Southern Galactic Plane CO Survey. We cover 8 deg 2 from l = 285
INTRODUCTION
The Carina Nebula Complex (NGC 3372, hereafter CNC) is the southern hemisphere's largest and brightest nebula. Located at 2.3 kpc away (Smith 2006) , it provides a laboratory to study ongoing star formation in the vicinity of some of the most massive stars known, including our Galaxy's most luminous star, Eta Carinae (η Car). Across the entire CNC there are more than 65 O stars and several hundred protostars (Smith et al. 2010b ), making it a rich environment to study the interplay between clustered star formation, ⋆ E-mail: davidr@physics.usyd.edu.au massive star feedback and triggered star formation. Two young stellar clusters, Trumpler 14 and Trumpler 16, dominate the central region and the CNC is home to three high mass-loss Wolf-Rayet stars. For comparison, Orion Nebula is dominated by just a single O-type star (Herbig & Terndrup 1986 ).
Located at ∼ 1
• north-west of the CNC, the Gum 31 region is a bubble-shaped young H II region containing the stellar cluster NGC 3324. Due to its proximity to the more attractive star forming region CNC, the physical properties of the Gum 31 region have remained relatively unexplored compared to its southern neighbour . Whether both regions are physical connected or not remains unclear, however; the distance of Gum 31 is ∼ 2.5 kpc (Barnes et al. 2010 ) and the distance of NGC 3324 is ∼ 2.3 kpc (Kharchenko et al. 2005) , placing both objects at the same distance as the CNC (Smith 2006) .
The CNC-Gum 31 complex is in an unobscured region, and is sufficiently close for us to resolve structures in detail. Other similar star-forming complexes are more difficult to study because they are located within the dense ring of molecular gas surrounding the Galactic Centre, four times further away and heavily obscured by intervening dust. The CNC-Gum 31 region is not as extreme as 30 Doradus in the Large Magellanic Cloud (Massey & Hunter 1998) , the Arches cluster near the Galactic Centre (Najarro et al. 2004) , or the Galactic clusters NGC 3603 (Moffat 1983 ) and W49 (Homeier & Alves 2005) . However, the CNC-Gum31 complex location and properties make it an excellent analogue for understanding the star formation in the distant Universe.
Until the mid-1990s, the prevailing view was that the CNC was an evolved star-forming region, with a few remnant gas clouds that had been shredded by the energy input from the massive stars. In recent years, and with the new wide-field, high resolution images at X-ray, optical and IR wavelengths, this view has changed dramatically. We now recognise that the CNC is a hotbed of active star formation, with a reservoir of quiescent molecular gas where new bursts of star formation may one day occur (Smith & Brooks 2008) . The stunning images from HST and Spitzer (Smith et al. 2010a ) reveal numerous gigantic pillars of dust (sometimes called "elephant trunks" because of their morphology), situated around the periphery of the ionised nebula associated with η Car and which point towards the central massive star clusters. Star formation appears to have been triggered recently in these pillars, as there are hundreds of protostars of ages ∼ 10 5 years, possibly formed as a result of the impact of winds from the massive stars on the dust clouds (Rathborne et al. 2004 ). The region also shows extended, diffuse X-ray emission (Townsley et al. 2011) , which may be from a previous supernova. If so, the supernova's expanding blast wave could have triggered the new generation of star formation, but this also raises an intriguing question as to the location of the precursor star. Was this star more massive than η Car and why have not we seen direct evidence of its blast wave? Smith (2008) has provided evidence to suggest a recent low-energy eruption occurred from η Car itself, so a massive supernova explosion should be detectable.
There are several other unresolved issues concerning the CNC. The total infrared luminosity detected from the region (re-radiated from ultraviolet heated dust) is only about half the energy input from the known stars, and the measured free-free radio continuum emission only accounts for about three-quarters of the ionising flux from these same stars (Smith & Brooks 2007) . While a few hundred thousand solar masses of cold gas have been observed from the whole nebula, it may be that much is in atomic phase in photondominated regions rather than as molecular gas. This neutral gas is not currently participating in star formation and may be a reservoir for future cycles of star formation once the current hot young stars explode as supernovae (Dawson et al. 2011) .
The CNC was originally mapped in CO as part of the Colombia Galactic plane survey (Grabelsky et al. 1988 ) at 9
′ angular resolution. The observations of the molecular emission covered a ∼ 2
• × 2 • region centred on η Car. The first 12 CO(1 → 0) map of the CNC with the Mopra Telescope was obtained by Brooks (2000) , achieving a 45 ′′ resolution. Subsequently, maps of 3 ′ − 4 ′ resolution have been obtained for the 12 CO(1 → 0) and 12 CO(4 → 3) lines by the NANTEN and AST/RO telescopes, respectively (Yonekura et al. 2005; Zhang et al. 2001 ). The gas mass, estimated to be ∼ 10 5 M⊙ (Yonekura et al. 2005) , is typical of a giant molecular cloud (GMC). The images show three distinct regions, each representing a different aspect of the star formation environment: (i) small globules near η Car, the last shredded pieces of a GMC core; (ii) the northern cloud, surrounding the Tr 14 cluster, which is a relatively pristine cloud with little active star formation; (iii) the southern cloud, which is being eroded and shaped by radiation and winds from the massive young cluster Tr 16, giving rise to numerous dust pillars as well as to a second generation of stars forming inside them.
This paper is the first in a series of studies that aim to explore the properties of the interstellar medium (ISM) in the CNC and surrounding regions at high spatial and spectral resolution. In this work, we present the line maps that trace the molecular gas components. We present results for the molecular gas column density and dust temperature of the complex, derived by fitting spectral energy distributions (SED) to the Herschel far-infrared images (Molinari et al. 2010) . The data will be used to characterise the molecular gas, enabling a comparison with other wavelength images. In particular, through measuring both the 12 CO(1 → 0) and 13 CO(1 → 0) lines (hereafter, 12 CO and 13 CO respectively) we are able to determine the optical depth and produce an improved determination of the molecular gas mass.
The paper is organised as follows: In Section 2 we detail the main characteristics of the data used in our analysis. In Section 3 we explain our approach in creating the integrated intensity and velocity field maps of the CO line emission cubes, and the technique for estimating the molecular gas column density using these tracers. In Section 4 we present an algorithm for the SED fitting to the infrared data in order to estimate the column density and temperature of the dust. We discuss the main implications of our work in Section 5, and present a summary of the work in Section 6.
DATA

Mopra observations
The CO observations reported in this paper were conducted using the Mopra telescope as part of the The Mopra Southern Galactic Plane CO Survey (Burton et al. 2013; Braiding et al. 2015 Figure 1 . Image of Herschel 500 µm map of the CNC-Gum 31 region (Molinari et al. 2010) . The black dashed line illustrates the region covered by our Mopra observations. The solid black lines show the region that encloses the gas associated with the CNC and Gum 31 considered in this paper. Colour sectors show the region selection in the CNC-Gum 31 region, which includes the Southern Pillars, the Southern Cloud, the Northern Cloud and the Gum 31 region.
K at 115/110 GHz respectively, the 1 σ noise in a 0.088 km/s channel is T * A ∼ 1.6/0.7 K, after summing the oversampled pixels and scanning in two orthogonal directions. For a typical ∼ 2 km s −1 wide line for 12 CO and 1 km s −1 for 13 CO, the 1 σ survey line flux sensitivity will be ∼5.8/1.3 K km s −1 after correction for aperture efficiency. Twenty grids (ten each in two orthogonal directions) are needed to complete observations of 1 square degree. In the 2013-2014 season, we have successfully observed an area equivalent to 8 square degrees in both scan directions, centred on l ∼ 287.5
• and b ∼ −0.5
• . Figure 1 illustrates the area covered by our CO observations with Mopra overlaid on a 500 µm image from Herschel (Molinari et al. 2010 ).
Infrared dust emission maps
In order to derive dust properties of the CNC-Gum 31 complex, we use infrared images from The Infrared Galactic Plane Survey (Hi-GAL, Molinari et al. 2010) . Hi-GAL is a Herschel open-time key project that initially aimed at covering the inner Galaxy (|l| < 60
• , |b| < 1), and was subsequently extended to the entire Galactic disk. It maps the Galactic plane at 2
• × 2 • tiles with PACS and SPIRE cameras in parallel mode, in the bands 70, 160, 250, 350, and 500 µm. The pixel sizes of the maps are 3.
′′ 2, 4. ′′ 5, 6. ′′ 0, 8. ′′ 0, and 11.
′′ 5 at 70, 160, 250, 350, and 500 µm, respectively. The noise levels of the maps were estimated in regions with no significant emission located at the edge of the field, and they are 20, 30, 25, 10 and 5 MJy sr −1 for 70, 160, 250, 350, and 500 µm maps respectively.
The PACS and SPIRE maps of the CNC-Gum31 region have been produced with the software UNIMAP, which is the 2nd generation map-making software developed within the Hi-GAL consortium (see Piazzo et al. 2015 for details). The zero-level offsets in the Herschel maps were calculated by comparing the flux in the IRAS and Planck data at comparable wavelength bands. This method is fully described in Bernard et al. (2010) .
RESULTS
Method to generate integrated intensity maps
In order to estimate accurate column densities from the CO line emission maps, we need to efficiently identify regions of significant emission in the position-positionvelocity cubes. The method applied here is similar to the method implemented for extragalactic observations of CO (Rebolledo et al. 2015) . In order to enhance the signal-tonoise ratio for extended structures, we generate a smoothed signal mask by degrading the original data cube in angular and velocity resolutions by a factor of 3. Regions of continuous significant emission are identified for pixels brighter than n thresh × σsmo, where σsmo is the rms intensity of the smoothed cube, and n thresh is a threshold level. We further expand each region to include any adjacent pixels above n edge × σsmo, and used the resulting regions to construct a dilated signal mask. The dilated mask approach was designed to identify extended low brightness emission regions. For the 12 CO map we used n thresh = 7 and n edge = 6. For the 13 CO map we use n thresh = 6 and n edge = 5. This dilated signal mask was then used to generate integrated intensity images. The associated uncertainty map for each image was derived from the error propagation through pixels in the signal mask. Figure 3. 13 CO integrated intensity map of the region covered by our Mopra observations over the velocity range V LSR = −50 to 50 km s −1 . Colour bar is in units of K km s −1 . Contours are spaced by 2 n K km s −1 , with n = 0, 1, 2, 3. The line profiles shown in Figure 4 correspond to the regions inside the blue squares.
3.2
12 CO and 13 CO maps 3.2.1 Integrated intensity maps Figure 2 shows the integrated intensity map of 12 CO line. Our high spatial resolution image represents a significant improvement over the CO maps of Yonekura et al. (2005) . The highest peaks of emission are located near the star cluster Tr 14, which has been previously identified as the η Car Northern Cloud (Brooks et al. 2003) . Bright peaks of 12 CO are also observed in the vicinity of the H II region Gum 31.
In Figure 4 we show the line profile of 12 CO over three regions in the CNC-Gum 31 molecular complex. The position of the regions are shown in Figure 2 . Region 1 is located in the Southern Pillars, Region 2 is in the Northern Cloud, and Region 3 is in Gum 31. For Region 1, the 12 CO line shape shows a single peak at −19 km s −1 at our velocity resolution. Region 2 shows a more complex line shape, with We identify several apparently independent CO complexes in the area covered by our observations. At the co-
Moving away from the direction to the Galactic Center, no significant CO emission is detected at our sensitivity limit for ∼ 0.4
• (16 pc at a distance of 2.3 kpc) until the Southern Pillars at (l, b) ∼ (288
• , −1.1 • ). The GMC formed by the Southern and Northern clouds surrounding η Car covers ∼ 1
• , −0.5 • ). This molecular cloud is spatially and kinematically connected (see Section 3.2.2) to the gas surrounding the H II region Gum 31 at (l, b) ∼ (286.2
• , −0.2 • ). A bridge of material of length ∼ 15 pc connecting these two regions is observed at (l, b) ∼ (286.7
• , −0.5 • ). The molecular complex of the Carina Nebula and Gum 31 represents the most prominent structure in this part of the Galactic Plane, covering ∼ 80 pc in longitude, and ∼ 60 pc in latitude. Finally, our 12 CO maps show emission at (l, b) ∼ (285.3 • , 0 • ), which extends over one degree in latitude.
The integrated intensity map of 13 CO is shown in Figure 3 . The distribution of 13 CO is similar to the 12 CO image shown in Figure 2 , with the major features in 12 CO also seen in Figure 3 but less extended due to S/N differences between the two maps. Significant 13 CO emission is detected at (l, b) ∼ (289.1
• , −0.4 • ), and it is spatially coincident with the strongest 12 CO emission features. 13 CO is also detected at the Southern Pillars, the Southern and the Northern clouds and in the bridge of material connecting Carina Nebula and Gum 31. Extended 13 CO emission is detected over the region located at (l, b) ∼ (285.3
• , 0 • ). Figure 4 also shows the line profile of 13 CO over the three regions shown in Figure 3 . There is a good correspondence between 12 CO and 13 CO line shapes in all the targeted regions. In Region 1, the 13 CO line shows a single peak at −19 km s −1 , the same velocity of the peak observed in the 12 CO line. In the case of Region 2, the 13 CO line shows multiple peaks at the same velocities observed in the 12 CO line. In Region 3, the 13 CO profile traces the emission at positive velocities also observable in the 12 CO emission line.
Velocity field map of 12 CO
The intensity weighted mean velocity along the line of sight for the 12 CO line is shown in Figure 5 . There is a clear progression from positive velocities (∼ 25 km s −1 ) at l ∼ 290
• towards negative velocities (∼ −20 km s −1 ) at the position of the CNC and Gum 31. However, molecular gas with velocities ∼ 20 km s −1 is also detected in this region. As we will see below, this molecular gas is probably not related to the CNC-Gum 31 region, and is hence located in the far side of the Sagittarius-Carina spiral arm. Molecular gas detected at (l, b) ∼ (285.3
• , 0 • ) has velocities between −20 km s −1 to 20 km s −1 . In order to provide a better picture of the velocity distribution across the observed region, in Figure 6 we show the position-velocity (PV) diagram for H I, 12 CO and 13 CO maps. The H I map was obtained from the Southern Galactic Plane Survey (SGPS, McClure-Griffiths et al. 2005) . The PV diagrams are created by averaging the line emission maps over 2
• in latitude. While atomic hydrogen is broadly distributed across all the line of sight velocities, the distributions of the molecular gas tracers 12 CO and 13 CO present a clumpy structure limited to narrower velocity ranges.
To visualise the position of the different gas tracers, in Figure 6 we plot the PV diagram of the positions of the spiral arms assuming a four-arm structure model of the Milky Way (Vallée 2014) . Additionally, we include the inner and outer edge of each arm assuming a 400 pc arm width. As in Braiding et al. (2015) , we have used the parameters of the Galaxy model from Vallée (2014) , with a pitch angle of 12.5
• , a central bar length of 3 kpc, and a distance of the Sun from the Galactic Center of 8 kpc. The rotation curve model is taken from McClure-Griffiths & Dickey (2007) . Figure 7 illustrates the model of the Galaxy as seen from the North Galactic pole (similar to Figure 2 in Vallée 2014) . Moreover, Figure 7 shows the corresponding velocity respect to the local standard rest frame (VLSR) at each distance to the Sun over the longitude range of our observations. The two spi- ral arms that intercept this longitude range are SagittariusCarina (the closest to the Sun) and the Perseus spiral arm (in the outer part of the Galactic disk). The transition between negative to positive velocities over the Sagittarius-Carina spiral arm is also evident, as the spiral arm crosses the solar circle distance from the Galactic Center.
In Figure 6 it is evident that the location of the 12 CO and 13 CO emission is consistent with the position of the outer edge of the Sagittarius-Carina spiral arm. The velocity of molecular gas in the CNC (about −20 km s −1 ) is consistent with the location of the near side, with a mean distance of ∼ 2.3 kpc. The molecular gas with velocity ∼ 15 km s
with the same longitude range as the CNC-Gum 31 complex is located on the far side of the outer edge at a distance of ∼ 6 kpc. According to the model, the CO complex at l ∼ 289
• with velocity ∼ 25 km s −1 is located at the far side of the outer edge at a distance of ∼ 6.8 kpc. This CO complex has been linked to a star-forming complex dominated by the H II region Gum 35 (Georgelin et al. 2000) . Finally, CO emission detected at l ∼ 285.3
• with velocities between −20 km s −1 to 20 km s −1 is located between 3 and 6 kpc from the Sun. This molecular structure appears to be a superposition of gas at different distances. Although we do not detect CO at the position of the Perseus spiral arm, H I line observations show emission at 80 km s −1 which is consistent with the velocity range of the Perseus arm predicted by the Galaxy model.
Considering the positional picture revealed by the PV diagrams of the CO emission line and the Galaxy model shown in Figure 6 and Figure 7 respectively, we can now identify the region associated with the CNC and Gum 31 molecular complex. For the remainder of the paper, we define the region located between l = 285.85
• to 288.5
• as the CNC and Gum 31 molecular complex and we will limit our analysis to this section of the Mopra CO survey. Figure 6 shows CO emission at a velocity ∼ 15 − 20 km s −1 that is located at the same projected position of the CNC-Gum 31 region. This emission is likely to be related to a molecular cloud in the far side of the Sagittarius-Carina arm, and should not be considered as part of the CNC-Gum 31 molecular complex. In order to remove CO emission from background sources not related to the CNC-Gum 31 region, we have limited the velocity range of the CO emission to be from -45 to 0 km s −1 .
3.3 Molecular gas column density 3.3.1 Column density from 12 CO Although H2 is the most abundant molecule in the Universe, it is not directly observable in emission at the typical physical conditions present in the ISM of molecular clouds. On the other hand, the CO molecule is easily observed at the low temperatures of these clouds, and it has become the preferred tracer to estimate the amount of H2 in the Universe. The molecular gas column density can be derived from the 12 CO integrated intensity map, I12 CO , using the CO-to-H2 conversion factor, XCO, according to the equation
The XCO factor has been the subject of several studies of the Milky Way and external galaxies (see Bolatto et al. 2013 and references therein) . In the present paper, we have assumed a constant XCO = 2 × 10 20 which is the canonical value for the MW (Bolatto et al. 2013) . In a complementary study, we will investigate the spatial variation of the XCO factor across the CNC-Gum 31 region (Rebolledo et al. 2015, in preparation) . Figure 8 shows the distribution of NH 2 ( 12 CO). The mean of the distribution is ∼ 4.5 × 10 21 cm −2 , with a maximum ∼ 5.0 × 10 22 cm −2 . A 3σ level sensitivity limit is estimated as follows. We select a region in the 12 CO map with no significant emission. The method to generate the integrated intensity maps (see Section 3.1) is then applied to this emission-free region, integrating over the typical line width ∼ 2 km s −1 of the 12 CO line. A rms value is estimated from this velocity integrated noise map. Assuming the same XCO factor in Equation 1, the 3σ level is found to be ∼ 8.1 × 10 20 cm −2 . In order to investigate the underlying shape of the column density distribution, we fit a log-normal function to the NH 2 distribution derived from the 12 CO. A log-normal distribution has been found for volume densities in several numerical simulations with different prescriptions for the physical conditions present in the ISM (Vazquez-Semadeni 1994; Ostriker et al. 2001) . However, under certain conditions, a log-normal function can Figure 8 . Left: Molecular gas column density distribution obtained from the 12 CO integrated intensity map assuming a constant X CO factor. Right: Molecular gas column density distribution derived from the 13 CO map assuming LTE conditions, and a constant [H 2 / 13 CO] abundance ratio. The vertical black dashed lines illustrate the 3σ column density sensitivity limit. The black solid lines illustrate the log-normal functions fit to the column density distributions. also describe the shape of the distribution of the column density (Vázquez-Semadeni & García 2001) . In order to investigate whether a log-normal shape is a good description of the observed column density distribution, we have fitted a Gaussian function given by Num(pixels) = Num peak ×exp(− (log(NH2) − log(N H2,peak ))
).
The parameters of the log-normal function can be related to physical properties of the gas such as the Mach number, and mean magnetic field strength (Padoan et al. 1997; Ostriker et al. 2001; Goodman et al. 2009 ). However, the aim of this paper is to investigate how well the observed column density distributions are described by a log-normal function. Thus, in the present study we do not examine in detail the physical meaning of the log-normal function parameters. We have used the IDL MPFIT fitting package (Markwardt 2009 ). We have excluded NH 2 ( 12 CO) values below the 3σ level from the fitting. In Table 1 we show the resulting parameters of the fitted log-normal function, and Figure 8 plots the fit to the NH 2 ( 12 CO) distribution. Considering column density values above the sensitivity limit, we find that a log-normal function is a good approximation for NH 2 2.5 × 10 22 cm −2 , but for larger column densities it over predicts the observed distribution. Assuming that the NH 2 ( 12 CO) distribution should be log-normal, this discrepancy is probably because 12 CO is optically thick under the physical conditions found in molecular clouds. Thus, the high-column density end of the distribution is not properly recovered by our 12 CO observations. 13 CO, provides a valuable alternative method for estimating the molecular gas column density. If we assume local thermodynamic equilibrium (LTE) at the excitation temperature Tex, the column density of the 13 CO molecule is given by (e. g., Rohlfs & Wilson 2004; Pineda et al. 2010 )
where v is velocity in km s −1 , and τ13 is the optical depth of the J = 1 → 0 transition. In this study we have determined Tex from the 12 CO emission line, assumed to be optically thick, by using (e. g. 
The molecular gas column density can be computed using,
where [H2/ 13 CO] is the abundance ratio of 13 CO molecule. In this study we have assumed the abundance ratio to be 7 × 10 5 . This value is close to the ratio determined for the relationship from Milam et al. (2005) , which yields [ 12 CO/
13 CO] ∼ 60 for R gal ∼ 6 kpc, if we assume an [H2/
12 CO] abundance ratio of 1.1 × 10 4 (Frerking et al. 1982; Pineda et al. 2010 ).
Figure 8 also shows the NH 2 ( 13 CO) distribution. In this case, the 3σ level sensitivity limit is 1.1 × 10 21 cm −2 . The mean of the distribution is ∼ 5.5 × 10 21 cm −2 , similar to the mean column density found from the 12 CO integrated map. Following the same procedure as for the NH 2 ( 12 CO) distribution, we fit the log-normal function from Equation 2 to the column density distribution derived from the 13 CO line map, excluding values below the 3σ level sensitivity limit. The fit is plotted in Figure 8 , and the resulting parameters of the function are given in Table 1 . In this case, the column density distribution above the sensitivity limit is well matched by a log-normal function for NH 2 6.3 × 10 22 cm −2 . This value is a factor of ∼ 2.5 larger than the limiting column density for which the NH 2 ( 12 CO) distribution is well described by a log-normal function. This can interpreted as evidence for the 13 CO line becoming optically thick at higher column densities than the 12 CO line. One key factor in calculating the N ( 13 CO) is the excitation temperature, Tex (Equation 3). By assuming a filling factor of unity in Equation 4, we may be underestimating the true value of the excitation temperature due to beam dilution effects, reducing the column densities obtained from the 13 CO map. In order to assess the robustness of our column density calculations from 13 CO, we use the dust temperature (see Section 4) as an alternative tracer of the Tex in Equation 3. We have assumed that the dust and gas have the same temperature, and that the dust temperature estimates are less affected by beam dilution. We take the ratio between the N ( 13 CO) using Tex from Equation 4 and the N ( 13 CO) estimated using the dust temperature as a tracer of the Tex. In Figure 9 we show the resulting ratio distribution. This ratio has a mean of 0.90 and a standard deviation of 0.15. Thus, in average, there is a ∼ 10-20 % difference between the two approaches, confirming the robustness of the N ( 13 CO) calculations. For illustrative purposes only, we also consider the case when Tex is constant across the map, which is a common assumption in the absence of measurements of Tex. We use Tex values of 10, 20 and 30 K. 
SPECTRAL ENERGY DISTRIBUTION FITTING FOR THE INFRARED IMAGES
Dust emission model
We have modelled the infrared dust emission using a greybody of the form )
where T dust is the temperature of the dust and Ω is the angular size of the region being observed. The dust emissivity, ǫ dust , and the optical depth τν are related by the expression ǫ dust = (1 − e −τν ). The optical depth is proportional to the dust opacity κν and to the mass column density n dust , i. e., τν = κν n dust , where κν is in units of cm 2 g −1 and n dust in units of g cm −2 . Our approach assumes a power law relation between κν and frequency given by
where κ0 is the dust opacity at the reference frequency ν0 and β is the dust emissivity index. Several authors have investigated the dependency of β on several factors such as grain size and shape, dust temperatures and grain mixtures (Hildebrand 1983; Mathis & Wallenhorst 1981; Goldsmith et al. 1997 ). In particular, β is observed to be influenced by the temperature of the dust, with the dust emissivity decreasing with increasing dust temperature (Dupac et al. 2001 ).
If we further assume that the dust emission is optically thin at infrared wavelengths, the dust emissivity can be expressed as ǫ dust = τν. Combining Equations 7 and 8, the expression for the grey-body is given by
The gas column density is estimated by
where R dg is the dust-to-gas ratio assumed to be 0.01, and µH 2 is the mean molecular weight in units of the hydrogen atom mass equal to 2.72. Equation 10 assumes that all the gas traced by the dust emission is in molecular form. This approximation has been adopted in order to compare the gas column density calculated from the dust emission with the column density derived from the molecular gas tracers 12 CO and 13 CO. This assumption is certainly problematic in regions of low column density, especially at the the edge of the clouds where the gas is likely to be atomic dominated.
Fitting approach
Equation 9 is fitted to each pixel of the infrared images using the IDL MPFIT fitting package. We exclude from our analysis pixels with emission less than 3σ, with σ estimated for regions with no significant emission. Masking at the 3σ level gives estimates of the column density sensitivity limit to be ∼ 1.3 × 10 21 cm −2 . All the Herschel images have been degraded to the grid and resolution of the 500 µm image, which corresponds to 11.
′′ 5 and 36. ′′ 5 respectively. The convolution of the Herschel maps was achieved using a gaussian kernel. We use the function mpfitfun to fit Equation 9 to each pixel, leaving T dust and n dust as free parameters. In this work, we have used the value of the dust opacity from Ossenkopf & Henning (1994) for the standard MRN distribution without ice mantels (Mathis et al. 1977) . At 500 µm, they estimate κ=1.77 cm 2 g −1 , which is used in our analysis. For simplicity, we also assume a fixed value of β = 2.
To avoid dependence on the initial guesses of the free parameters, we defined an initial range of values for T dust and n dust . For the dust temperature, the range is 10 K < T dust < 120 K. The dust mass column density range is restricted to 10 −6 g cm −2 < n dust < 1 g cm −2 . Randomly selected initial values for dust temperature and dust mass column density within the corresponding ranges were used and the convergent solution recorded for each parameter. After iterating 25 times, a distribution of the resulting T dust and n dust parameters is generated. The peak of the distribution for each parameter is then assigned to the corresponding pixel. For example, Figure 10 shows the distribution in the parameter space of the randomly generated set of initial values of T dust and n dust along with the converged values for one pixel. Figure 10 also shows the resulting fitted SED function.
Masking procedure for the dust maps
Besides the 3σ level masking that is applied before the SED fitting, we also mask out pixels based on the goodness of the fit of our SED model. We only include pixels in our analysis where the SED fitting algorithm yields χ 2 values below 20. In this way, noisy pixels are removed from the fitting procedure, and simultaneously pixels are removed if the SED dust model is not a good description of the infrared flux spectral distribution. Figure 11 shows the resulting dust temperature map from the SED fitting. We have included the positions of the highmass stellar members of the star clusters present in the CNC Figure 13 shows the dust temperature distribution for the CNC-Gum 31 complex. The distribution has values in the range from 17 K to 43 K, and shows a multiple-peak shape, with peaks at T dust ∼ 22, 27, and 36 K. It is similar to the dust temperature distribution found by Preibisch et al. (2012) using colour temperatures derived from the ratio between the 70 µm and the 160 µm Herschel maps. However, we do not find the high-temperature tail for T dust > 40 K they detect in the CNC region. Roccatagliata et al. (2013) performed a SED fitting to Herschel maps to obtain detailed maps of the dust temperature and gas column density of the CNC, in an approach similar to the method used in this paper. Their dust temperature map is basically consistent with the results presented in Figure 11 , and the temperatures they find are from 20 K to 40 K, similar to the range recovered by our algorithm. Figure 12 shows the resulting gas column density map from our SED fitting approach. For comparison, we have overlaid the contours of the 12 CO integrated intensity. A clear spatial correlation is observed between regions of high density column density and CO emission. This correlation is stronger for regions with NH 2 > 3 × 10 21 cm −2 . The densest regions are found in the eastern part of the Northern Cloud and the Southern Pillars, with column density NH 2 > 10 22 cm −2 . Figure 13 shows the distribution of the gas column density derived from the dust emission SED. The gas column density has a range from 6.3× 10 20 cm −2 to 1.4×10 23 cm −2 . The NH 2 (dust) distribution has a mean of ∼ 4.8×10 21 cm −2 , similar to the values derived from 13 CO. As in Sections 3.3.1 and 3.3.2 for the molecular gas column density distributions derived from 12 CO and 13 CO respectively, we have fitted a log-normal function to the NH 2 (dust) distribution. We have excluded gas column density values below the sensitivity limit in the fitting precedure. The fitted function is shown in Figure 13 , and the resulting parameters are shown in Table 1 . Overall, the distribution is not well described by a log-normal shape at the low and high column density ends. For low column densities, the log-normal function overpredicts the number of pixels in the observed distribution. This difference is likely to be an effect of the sensitivity limit of our gas column density map which is ∼ 1.3 × 10 21 cm −2 , close to the value where the log-normal function and the observed distribution start to differ. For the high column density regime, the NH 2 distribution deviates from the lognormal shape at ∼ 1.0 × 10 22 cm −2 . For NH 2 larger than this value, the observed column density distribution clearly shows a tail with respect to the log-normal distribution. Similar tails at high column density have been observed for other molecular clouds (Pineda et al. 2010) , and it is thought that such high-column density tails are present in regions of active star formation (Kainulainen et al. 2009 ). Smith (2006) . The black crosses show the star member of the NGC 3324 cluster listed in Carraro et al. (2001) . The yellow crosses show the positions of the C 18 O cores found by Yonekura et al. (2005) . A good correlation between the regions with the highest gas column density from dust SED fitting and the 12 CO emission map is found. Figure 13 . Distributions of the dust temperature (left) and the gas column density (right) obtained from our SED fitting algorithm. The black solid line shows the log-normal function fit to the column density distribution. The vertical black dashed line illustrates the column density sensitivity limit of our SED fitting algorithm. Figure 14 . Distributions of the dust temperature for each of the regions identified in this study. The black line shows the temperature distribution for the Southern Pillars, the blue line shows the Southern Cloud, the green line shows the Northern Cloud and the red histogram is for the Gum 31 region.
Dust temperature
Gas column density from dust emission
DISCUSSION
In order to investigate the variation of the gas properties across the CNC-Gum 31 molecular complex, several distinct regions are analysed. Similar to the spatial CO distribution described by Smith & Brooks (2007) , we have identified the regions as follows: the Southern Pillars (SP), the Southern Cloud (SC), and the Northern Cloud (NC). Additionally, we have included the Gum 31 region which was identified by Yonekura et al. (2005) as region 4 and region 5. In Figure 1 we show the extent of each region considered in this study. Figure 14 shows the distribution of the dust temperature for each region identified in this study. In the case of the SP, the dust temperature shows values from 21 to 30 K, with a mean temperature of 26 K. In Figure 11 the region of warmer dust is dominated by the star clusters Trumpler 14 and 16 which are located at the centre of the CNC. Because the SC is located between the SP and the position of these massive star clusters, the material of the SP is less affected by the strong radiation field from the massive OB stars inside clusters Trumpler 14 and 16, when compared to the SC and NC which are located near these clusters. In the inner part of the dust pillars, the dust temperature can reach values as cold as ∼ 22 K.
Regional variation of the dust temperature
The dust temperature in the SC ranges from 22 K to 43 K with a mean of 28 K, a couple of degrees higher than the mean of the SP. In the case of the NC, the dust temperature has a mean of 27 K, ranging from 20 K to 38 K. The tail in the dust temperature distribution for T dust > 30 K for both the SC and NC is the result of being located on the vicinity of the massive star clusters Trumpler 16 and 14.
The Gum 31 region has dust temperatures ranging from 18 K to 32 K, with a mean of 23 K. The mean dust temperature in this region is the lowest of all the regions identified in this study. Because the gas in Gum 31 is located further from the massive star cluster present at the centre of the CNC, the material constituting this part of the molecular cloud complex has T dust below 23 K in the densest regions. For the material immediately surrounding the Gum 31 H II region, the dust is being radiated by the OB stars inside the star cluster NGC 3324, and the T dust is found to be > 30 K. Figure 15 shows the gas column density maps of the SP region. Together with the gas column density map derived from the dust emission, NH 2 (dust), we have also included the NH 2 ( 12 CO) and NH 2 ( 13 CO) maps. The densest regions, with NH 2 > 2 × 10 22 cm −2 , are located on the inner part of the pillars, and they are traced by both 12 CO and 13 CO. There is a region at (l, b) ∼ (288.1
Regional variation of the gas column density
Southern Pillars
• , −0.7 • ), which shows extended emission in the molecular line maps but a similar structure is not seen in the dust emission map. That we do not observe a corresponding extended dust emission feature could be related to a local variation of the dust-to-gas ratio. However, in the centre of this region, Gaczkowski et al. (2013) identified the far-infrared compact source J104813.4-595845 using Herschel maps, and also Yonekura et al. (2005) identified one of the C 18 O cores. Thus, it is evident that a compact source of dense gas is present in the centre of this region. Unfortunately, this compact source has been removed from our dust column density map because the SED fitting algorithm yields χ 2 values above 20 in those pixels. The other two C 18 O cores found by Yonekura et al. (2005) in the SP are coincident with regions of high column density detected by the three tracers in this study. Figure 17 shows the molecular gas distribution derived from 12 CO and 13 CO for each of the identified regions. In the case of the SP, there are some differences between the NH 2 ( 12 CO) and NH 2 ( 13 CO) distributions. While the NH 2 ( 13 CO) distribution traces column densities up to ∼ 6.0 × 10 22 cm −2 , the NH 2 ( 12 CO) distribution traces column density only to ∼ 3.0 × 10 22 cm −2 . In Figure 18 , we show the NH 2 (dust) distribution of the SP. The dust traces gas from 7.7 × 10 20 cm −2 to 5.1 × 10 22 cm −2 , with a mean of 3.8 × 10 21 cm −2 . Similar to the global distribution of the entire CNC-Gum 31 region shown in Figure 13 , the NH 2 (dust) in the SP is not well described by a log-normal function. The fitted parameters can be found in Table 1 . The log-normal function is a reasonable approximation to the observed distribution only for column densities between 1.0 × 10 21 to 1.0 × 10 22 cm −2 . For column densities below this range, the observed distribution decreases faster than the log-normal distribution, due to the sensitivity limit in the infrared emission maps. As before, the observed distribution shows a tail with respect to the log-normal distribution for column densities larger than this range. 
Southern Cloud
Figure 15 also shows the molecular gas column density maps of the SC. Overall, the distributions of the different tracers are similar, with NH 2 ( 13 CO) coincident with the regions of high column density seen in NH 2 ( 12 CO) and dust emission maps. One C 18 O core is located inside this cloud, but it is slightly shifted from the closest region of high column density.
Given the reduced number of pixels with significant emission in the SC region, especially in the 13 CO map, it is not possible to draw any conclusion about the overall shape of the NH 2 ( 12 CO) and NH 2 ( 13 CO) distributions as seen in Figure 17 . However, we see that both tracers cover a similar range in column density from ∼ 1.0 × 10 20 cm −2 to ∼ 3.0 × 10 22 cm −2 . Figure 18 also shows the NH 2 (dust) distribution for the SC region. The mean gas column density is 5.3 × 10 21 cm −2 , ranging from 1.5 × 10 21 to 7.0 × 10 22 cm −2 . Again, we have fitted a log-normal function to the observed distribution, finding a poor correspondence, especially for NH 2 > 1.0 × 10 22 cm −2 . Figure 16 shows the NH 2 maps derived for the NC. In general, the distribution of the different tracers are similar, with the densest region being located at (l, b) ∼ Figure 17 . Molecular gas column density distribution derived from the 12 CO and 13 CO line emission for each of the regions identified in the CNC and Gum 31 regions. The dashed vertical lines illustrate the sensitivity limit of the 12 CO (blue) and 13 CO (red) maps.
Northern Cloud
(287.35
• , −0.64 • ). Located inside this region of dense gas, there is another C 18 O core identified by Yonekura et al. (2005) . Three other cores are located inside the NC, in regions of high column density as traced by the molecular line and the dust map.
In Figure 17 we observe that both NH 2 ( 12 CO) and NH 2 ( 13 CO) distributions cover the same range from ∼ 4.0 × 10 19 cm −2 to ∼ 5.0 × 10 22 cm −2 . The NH 2 ( 12 CO) distribution shows a mean of ∼ 6.5×10 21 cm −2 , and the NH 2 ( 13 CO) shows a mean of ∼ 6.0 × 10 21 cm −2 . The mean column density of the NH 2 ( 12 CO) distribution is driven by an apparent "excess" of pixels with 1.0 × 10 21 cm −2 < NH 2 < 3.2 × 10 21 cm −2 with respect to the NH 2 ( 13 CO) distribution. This can be interpreted as local variations of the factors used to convert the 12 CO integrated intensity and the N ( 13 CO) to the total molecular gas column density NH 2 . For example, If the [H2/
13 CO] abundance ratio of 13 CO molecule increases by a factor of two at the edge of the cloud, then the overall shape of the N ( 13 CO) distribution would be more similar to the NH 2 ( 12 CO) distribution. Alternatively, if the XCO factor increases at regions of high column density due to the optically thick regime of the line emission, the NH 2 ( 12 CO) distribution will be more similar to the NH 2 ( 13 CO) distribution over the column density range traced by both lines.
In Section 5.4 we will discuss the variation of the conversion factors for each individual region.
The NH 2 (dust) distribution for the NC is shown in Figure 18 . This region has the largest mean column density among all the regions identified in this study, with a value of ∼ 6.0×10 21 cm −2 . The dust emission map traces gas over the range 6.9×10 20 to 1.2×10 23 cm −2 . The shape of the observed distribution is well described by a log-normal function for column densities between 1.0 × 10 21 and 3.2 × 10 22 cm −2 . As before, a high-column density tail is evident in the observed distribution with respect to a log-normal shape. See Table 1 for the parameters of the fitted function.
Gum 31
Figure 16 also shows the gas column density maps derived from the three tracers for the Gum 31 region. A shell-like structure surrounding the Gum 31 H II region is seen in the CO and dust emission maps, and the densest regions are located on this ring of material. Five C 18 O cores are located on this region of high column density. There is another core located at the edge of the CO maps, but a similar feature in the dust emission map is not seen.
The molecular column density distributions derived from 12 CO and 13 CO maps for the Gum 31 region are shown Figure 18 . Gas column density distribution derived from the dust emission for each of the regions identified in the CNC and Gum 31 regions. The black solid lines show the log-normal function fit to the column density distributions. The vertical black dashed lines illustrate the column density sensitivity limit of our SED fitting algorithm. Table 2 . Gas mass budget for each region in the CNC-Gum 31 molecular complex as defined in Figure 1 . Notes. a M (dust) is the gas mass derived from dust. b M 12 is the gas mass derived from 12 CO. c M 13 is the gas mass derived from 13 CO.
in Figure 17 . Both distributions have similar mean column density ∼ 5.0 × 10 21 cm −2 . However, while the 12 CO map traces gas up to ∼ 2.8 × 10 22 cm −2 , the NH 2 ( 13 CO) distribution traces molecular gas up to ∼ 7.0 × 10 22 cm −2 . These pixels with high column density correspond to dense gas located on the surrounding region of the star cluster NGC 3324.
In Figure 18 we show the NH 2 (dust) distribution for the Gum 31 region. The minimum, maximum and mean gas column density is 8.9 × 10 20 , 1.5 × 10 23 and 4.7 × 10 21 cm −2 respectively. Similar to the observed behaviour for the NH 2 (dust) distributions of the SP, SC and NC, the gas column density distribution derived from the dust emission for the Gum 31 region is well described by a log-normal function only for a limited column density range. In this case, this range covers NH 2 from 1.0 × 10 21 to 2.5 × 10 22 cm −2 . The high-column density tail is also clearly observable in the NH 2 (dust) distribution for the Gum 31, which is also Table 3 . Gas mass budget of the CNC-Gum 31 region using the masks from the 12 CO and 13 CO maps. shows the smallest molecular gas fraction (44%) as traced by 13 CO among the CNC-Gum 31 region.
Variation of the conversion factors across the CNC-Gum 31 region
In the previous section molecular gas column densities and masses were calculated using constant conversion factors for 12 CO and 13 CO, namely, the XCO and the [H2/ 13 CO] factors. In this section, we will investigate whether those factors change when individual regions are considered using the following approach. Firstly, the gas column density map from the dust emission is set to the same grid of the CO maps. Then, a pixel-by-pixel comparison is made between the NH 2 (dust) and the 12 CO integrated intensity and the N ( 13 CO) maps. It is assumed that all the gas traced by the dust emission is in molecular form. Although this approximation is certainly wrong for regions of low gas column density, the pixels included in this analysis are required to have significant 12 CO or 13 CO emission. Thus, we are selecting regions where the molecular gas is likely to be dominant. In a companion paper, we investigate the fraction of atomic gas component in the CNC-Gum 31 region, and its importance in estimating the conversion factors (Rebolledo et. al in preparation) . Figure 19 shows the pixel-by-pixel comparison between the integrated intensity maps from the 12 CO emission line and the column density from the dust emission for each region. For the SP and SC, most of the pixels are consistent with XCO values which are a factor of ∼ 3-4 larger than the value assumed in our previous calculation XCO = 2.0 × 10 20 . For the NC and Gum 31 region, the majority of the pixels are consistent with our assumed XCO factor. This apparent change in the XCO factor across the regions in the CNCGum 31 molecular complex can be interpreted as follows. The SP and SC are heavily affected by the strong radiation of the massive star clusters in the CNC region. The gas in this region could be predominantly in atomic rather than in the molecular phase. If so, only a small fraction of the gas is molecular in the southern regions. Additionally, as the CO molecule is less shielded against the radiation field than the H2 molecule, the CO molecule may not be a good tracer of the molecular gas in the southern regions. For the NC, the gas appears to be dense enough to be predominantly in molecular phase, allowing the CO molecule to be effectively shielded despite the strong stellar feedback. On the other hand, the much lower level of stellar feedback affecting the less dense gas present in the Gum 31 region is likely the predominant factor in setting the observed CO abundance. Detailed observations of the atomic gas and the atomic carbon will provide a better picture of the different phases of the gas in this region of the complex.
In Figure 19 we also show the pixel-by-pixel comparison between the 13 CO column density and the column density from the dust emission for each region. Although the number of pixels is smaller for the 13 CO column density map, some differences are still evident. The best match to our assumed value [H2/
13 CO] = 7×10 5 is obtained in the Gum 31 region, but with a large scatter. Most of the pixels in the SP and NC regions shows a [H2/
13 CO] abundance ratio a factor of ∼ 2 larger than this value, but also a large scatter is observed. For the SC, the small number of pixels yields a patchy pixel density map, but a similar behaviour is reproduced.
SUMMARY
We have produced detailed maps of the molecular gas distribution in the Carina Nebula and the Gum 31 molecular complex. With the Mopra telescope, we have observed 12 CO and 13 CO over 8 deg 2 centered in (l, b) ∼ (287.5
• , −0.5 • ), achieving a spatial resolution of 30 ′′ . The main results are summarized as follows:
(i) The spatial distribution of the 12 CO and 13 CO maps are very similar across the region covered by our observations, with the 13 CO map tracing the regions of strongest emission of the 12 CO map. Both maps revealed a complex molecular gas structure, with several regions of dense gas located on the inner regions of the SP, the centre of the NC and regions located at the edge of the shell-like structure surrounding the Gum 31 H II region. By combining positionvelocity diagrams of the CO maps and a model of the spiral arms of the Milky Way, we have excluded any CO emission from regions not directly related to the CNC-Gum 31 molecular complex.
(ii) We estimated the molecular gas column density from 12 CO assuming a fixed XCO factor typical of the Milky Way. The molecular gas column density from the 13 CO observations is estimated assuming LTE conditions over the CNCGum 31 region. The column density distributions from both tracers cover a similar range of values, from ∼ 1.0 × 10 19 cm −2 to ∼ 5.0 × 10 22 cm −2 . Log-normal functions describe well the gas column density distributions for a limited range of column densities in both tracers, from our sensitivity limit (iii) Detailed maps of the dust temperature and the gas column density were produced by fitting a grey body function to the spectral energy distribution to each pixel of infrared images from Herschel. The dust temperature map shows a clear spatial correlation between the warmer dust and the massive star clusters located on the centre of the CNC and the Gum 31 H II region. The regions of colder dust are coincident with regions of high column density, except for the eastern region of the NC which has been heavily heated by the Trumpler 16 and Trumpler 14 star clusters.
(iv) The gas column density distribution calculated from the dust emission has values a factor of 2 larger than the maximum column densities traced by the CO maps. A lognormal function fits the column density distribution for a limited range of values. For column densities below this range, the sensitivity limit of the infrared maps reduces our ability to sample the low end of the distribution. For values above this range, we observe a tail with respect to the log-normal function which has been identified as typical of regions with active star formation.
(v) The mass traced by the 12 CO map recovers 54% of mass calculated from the dust emission, while the mass traced by 13 CO map is 30% of the mass traced by the dust map. These fractions differ across the molecular complex. These differences can be interpreted as the result of local variations of the massive star radiation field strength across the CNC-Gum 31 molecular complex and differences in the evolutionary stage of the NC and Gum 31 with respect to the southern regions.
(vi) The molecular mass gas fraction traced by 12 CO increases to 78% when we calculate the gas masses only considering the pixels with detectable 12 CO emission. The molecular gas mass traced by 13 CO recovers 66% of the total gas mass estimated from dust emission when we consider the mask defined by the 13 CO map. The southern regions still present smaller molecular mass gas fractions with respect to the northern regions when we only consider the pixels with detectable 12 CO emission. In the case of the molecular mass gas fraction traced by 13 CO, this trend is lost when we only consider pixels with significant N ( 13 CO).
(vii) We find that assuming a fixed XCO = 2 × 10 20 factor is a good approximation for the NC and Gum 31 region. However, for the southern regions (SP and SC) an XCO conversion factor ∼ 3 − 4 times larger than the value originally assumed in this paper is a better fit. This apparent variation of the XCO factor may be related to local variations of the atomic-to-molecular gas phase transition in regions affected by the strong radiation of the massive stars, or possibly due to variations of the relative abundance of the CO molecule with respect to the H2.
(viii) For the [H2/
13 CO] abundance ratio, some regional variation across the CNC-Gum 31 complex has been detected. The Gum 31 region presents the best match to our assumed abundance ratio of 7×10
5 , but with a large scatter. For the other regions, an abundance ratio ∼ 2 larger than this value would be needed to recover the column density traced by the dust emission.
